We examined the phototactic behaviour of individual amoebae of four Dictyosteliurn discoideum mutants which were altered in their slug phototaxis and thermotaxis. All four mutants were found to be also altered in amoebal phototaxis. This indicates that sensory processing in D.
I N T R O D U C T I O N
In its multicellular stage (slug) the cellular slime mould Dictyostelium discoideum shows positive phototaxis over a wide range of irradiances (Bonner et al., 1950; Francis, 1964) . The mechanism by which the slugs detect the direction of laterally impinging light involves a lens effect (Francis, 1964; Poff & Loomis, 1973; Hader & Burkart, 1983) . Because the refractive index of the cytoplasm is higher than the surrounding medium, the light rays are focussed on to the distal side of the slug tip. There is reason to believe that the cells on the brighter, distal side produce a higher concentration of a transmitter substance than on the proximal side, Thus, the light gradient is converted into a chemical gradient to which the slug responds with negative chemotaxis . The orientation mechanism is further complicated by the observation that slugs do not aim directly toward the light source, but deviate to both sides of this direction .
Dictyostelium amoebae show positive phototaxis (movement toward laterally impinging light) in low irradiances and negative phototaxis (away from light source) in higher irradiances, separated by a small indifference zone (Hader & Poff, 1979a, b) . The action spectra for both responses are similar, but differ from the action spectrum for slug phototaxis (Hader & Poff, 1979a, b ; Hong et al., 1981) . Like slugs, amoebae seem to detect spatial light intensity gradients during phototaxis, but these seem to be established by internal absorption and light scattering rather than by a lens effect as in slugs (Hader & Burkart, 1983) . In spite of these differences in early photosensory events, the signals from amoebal and slug phototaxis may be subsequently processed by a common transduction pathway. To examine whether this is so, we studied the phototaxis behaviour of amoebae of four mutants impaired in slug phototaxis and thermotaxis. The results indicate that signal processing during slug and amoebal phototaxis are not independent.
METHODS
Amoebae of the parent X22 and the slug phototaxis mutants HU120, HU409, HU410, HU411 (Fisher & Williams, 1982) were cultivated on sterile 1.5% (w/v) water agar plates inoculated with 2 ml samples of an exponential culture of Klebsiella aerogenes growing in a peptone/yeast extract/glucose medium (Sussman, 1966) .
After most of the liquid had evaporated, spores from about 20 sorocarps were transferred on to each fresh plate with a loop. The spores were allowed to germinate and the amoebae to multiply for 48 h at 21 "C in darkness. Cells were harvested and evenly distributed on water agar plates (1 %) at such a concentration (-5 x lo4 cm-2) that individual cells were not disturbed by their neighbours. The amoebae were observed during the first 2 h after starvation during which no chemotactic effect could be detected. Cell movement on a water agar plate was followed using a Zeiss Universal microscope and a videocamera equipped with an IR sensitive Newvicon tube (National, WV 1350E) (Hader, 1981a, b) . The monitoring beam was produced by the built-in light source and a cut-off filter (Schott and Gen.) passing IR wavelengths > 780 nm. The video signal was recorded on a 1/2 inch time-lapse video recorder (National, NV 8030 E) which allowed for time compression, so that up to 80 min real time could be played back in 1 min on a video monitor (Sony, PVM-201 CE).
The actinic parallel beam was produced by a 250 W Leitz halogen slide projector and irradiated laterally at an angle of 15" above the horizontal plane to minimize mutual shading between the cells as recently described (Hader et af., 1981) . The illuminance was controlled by neutral density filters, to avoid changes in the colour temperature (which occur when the lamp voltage is adjusted), and measured by means of a luxmeter (Lange, Berlin) in the plane of the cells. The actinic beam was passed through an IR absorbing filter to avoid the generation of a thermal gradient. An illuminance of 1000 lx corresponds to an energy fluence rate of about 4-22 Wm-* for this projector as measured with a thermopile (Kipp and Zonen, CA1) connected to a microvoltmeter (Keithley, type 155), previously calibrated against a standard lamp.
During playback, the tracks of the individual cells were traced on a transparent acetate sheet mounted over the video monitor at fixed time intervals. The angular deviation of the paths from the incident light rays was analysed semiautomatically by a goniometer linked to a constant voltage potentiometer and interfaced to a microcomputer (SD Systems). For each experiment (individual strain at a given illuminance) independent tracks of -800 amoebae were analysed. The raw data were stored on flexible disk for subsequent mathematical analysis and statistical treatment according to the methods described by Batschelet (1 965) using computer programs developed by .
RESULTS A N D DISCUSSION
The angular distribution of each population was plotted in circular histograms showing the percentage of cells which moved within a given sector (e.g. between 0" and 30", between 30" and 60" etc.). From these histograms, we calculated the percentage of organisms moving within & 30" toward the light source (0", positive phototaxis) and those moving & 30" away from the light source ( 180", negative phototaxis). The difference between the two subpopulations was plotted for each strain and each illuminance (Fig. 1, hatched bars) . Positive values indicate positive phototaxis (more organisms move toward the light than away from it, within & 30") and negative values indicate negative phototaxis. The value on the ordinate can be taken as a rough indicator of the strength of phototactic orientation. The same calculation was repeated for the (Fig. la) and each of the mutants (Fig. lb, c, d, e) for each light intensity.
X22 amoebae showed positive phototaxis over a range of light intensities from 1 to 30 lx with an optimum around 7.5 lx (Fig. 1 a) . Between 30 and 50 lx there was a transition to negative phototaxis, and between 100 and 500 lx a second transition -from negative to positive phototaxis -was observed. This is the first report of this second transition in D . discoideum amoeba1 phototaxis.
The four mutants studied here show altered phototactic behaviour compared to parent X22 (Fig. 1 a-e) and fall into three phenotype classes. In the first class, represented by HU409, the photoresponse curve was shifted towards lower light intensities ( Fig. 1 b versus Fig. 1 a) . In the second class, comprising HU120 and HU410, the transitions between negative and positive phototaxis seem to be shifted away from the optimum light intensity for negative phototaxis (Fig. 1 c, 1 d versus Fig. 1 a) . Amoebae of these two mutant strains thus made a transition from positive to negative responses at lower intensity and did not show the second transitionnegative to positive -even at 1000 lx (Fig. 1 c, d) . The mutant HU411 falls into a third phenotypic class where the pattern of responses is either reversed or dramatically shifted. In contrast to the parent strain X22, HU411 showed transitions from negative to positive, to negative, phototaxis as the light intensity was increased (Fig. l e versus Fig. la) . Because the action spectra for positive and negative amoebal phototaxis are the same (Hong et al., 1981) , transitions between the two must depend not on integration of signals from different photoreceptors but on how the input signal is subsequently processed. The three classes of mutant behaviour observed here presumably result from mutations that affect the processing logic at different sites in the transduction pathway(s).
Slug phototaxis, like amoebal phototaxis, involves transitions from negative to positive responses Hader & Poff, 1979a, b) . Slugs transit from a negative to a positive response as the angle of deviation from the direction of the light source increases. As a result, slug phototaxis is bidirectional and the preferred direction (k a) are the angle at which the transition occurs . The mutants HU409, HU120 and HU410 are altered in their transition angle in slug phototaxis (Fisher & Williams, 1982) , in the light intensities at which transitions occur in amoeba1 phototaxis (Fig. 1) and in the temperature of transition from negative to positive slug thermotaxis (Fisher & Williams, 1982) . This suggests that the transitions in amoebal and slug phototaxis and slug thermotaxis are under common control, although genetic studies are required to confirm that the observed phenotypes in each mutant all result from a single mutation.
Because slug phototaxis is bimodal, we examined whether amoebal phototaxis was also bimodal. For this purpose we recalculated better resolved histograms using 10" sectors and added the corresponding bilaterally symmetrical sectors (e.g. 0" to 10" plus 350" to 360", 10" to 20" plus 340" to 350" etc.) and plotted them linearly (Fig. 2) . Near the optimal light intensity for positive or negative phototaxis, respectively, orientation was unimodal towards or away from the light source (e.g. Fig. 2a, b) . At suboptimal light intensities (higher or lower), amoebal phototaxis is bimodal (preferred directions & a), but preferentially positive (a < & 90") or negative (a > f 90"). An example is shown in Fig. 2(c) .
The histograms furthermore reveal that the accuracy of amoebal phototaxis is very low, producing a 'background noise' of about 2% in each 10" sector. Compared to the random distribution both positive and negative phototaxis are very distinct and even in the bimodal distribution (which has a broader maximum) almost twice as many cells move in the 145" and 215" sectors as in all other directions. In a totally random distribution one would expict about 5.6% of all cells to move within each 10" sector (times two for right and left half). A statistical analysis of the data (chi-square test, Raleigh test) shows that the data aje significant within a probability of P < 0.001. Though there is a considerable statistical 'noise background', the response is sufficient for an effective long-term orientation of the population. This is most clearly demonstrated by population experiments (Hong et al., 1981) and by light trap techniques (Hader & Poff, 1979a, b) .
Bidirectional phototaxis by D. discoideum amoebae implies that the transitions between negative and positive responses not only depend on light intensity but also on the direction of travel. Migrating amoebae are known to exhibit a temporary morphological polarity (Futrelle et al., 1982; Gerisch, 1982) -they have a 'head' and a 'tail' -and during phototaxis seem to detect spatial light gradients generated by internal absorption and scattering . Our results indicate that the degree of absorption and scattering of light depends on the geometry of the cell in relation to the light source direction.
